Certain phenyl-substituted hyd ns of environmental concen have the potential to disrupt the endocrine system of animals, apparently in association with their estrogenic properties. Competition with natural estrogens for the estrogen receptor isaa possible mechanism by which such effects could occur. We used comp molecular field analysis (CoMFA), a three-dimensional quantitative structure-activity relationship (QSAR) (11) .
genic properties. Competition with natural estrogens for the estrogen receptor isaa possible mechanism by which such effects could occur. We used comp molecular field analysis (CoMFA), a three-dimensional quantitative structure-activity relationship (QSAR) paradigm, to examine the underlying strict pprtes of oP-corinate hydroxybiphenyl analogs known to bind to the estrogen receptor. The cross-validated and conventional statistical results indicate a high degree of internal predictability for the molecules induded in the training data set In addition to the phenolic (A) ring system, conformational restriction of the overall structure appears to play an important role in estrogen receptor binding affinity. Hydrophobic character as assessed using hydropathic interaction fields also contributes in a positive way to binding affinity. The CoMFA-derived QSARs may he usef in examining the estrogenic a of a wider range of phenyl-substituted hy bons of environmenal concern. Key word: comparative molecular field analysis, estradiol equivalents, estrogen receptor, polychlorinated biphenyls, quantitative structureactivity relationships. Environ Health Perspec 103:702-707 (1995) There is a growing concern (1,2) that a number of chemicals released into the environment can disrupt the endocrine system of animals, including humans. Among these chemicals are the persistent, bioaccumulative organochlorine compounds that include some industrial chemicals such as the polychlorinated biphenyls (PCBs). The ability to mimic natural hormones such as estradiol is one mechanism by which such disruption could occur. Certain halogenated aromatic compounds have been shown (3) to elicit estrogenic hormonal activity. Mixtures of PCBs were used as commercial insulators due to their favorable dielectric properties (4, 5) . However, these products have been banned in the United States since the 1970s (6X7). The highly chlorinated and lipophilic nature of these compounds underlie their persistence as environmental contaminants, and they are known to cause adverse reproductive effects in males (8) and females (8, M. Modified mixtures of PCBs, which are lower in overall chlorine content yet rich in ortho-chlorinated biphenyls, have been proposed as alternatives to the highly chlorinated PCB mixtures. The lower chlorine content favors increased metabolism in biological systems. Upon metabolic hydroxylation at vacant para positions, the more highly ortho-chlorinated biphenyls can be converted to possible metabolites capable of binding to the estrogen receptor (10) . Bioaccumulation of these metabolites is not expected to be a problem as long as the enzymes responsible for conjugation and elimination of such polar compounds are not saturated and remain functional; however, continuous exposure to PCBs may result in an overall increase in steady-state concentrations of these metabolites (11) .
In addition to the PCB family of chemicals, other phenyl-substituted hydrocarbons such as the biphenyl ethanes and ethylenes related to diethylstilbestrol (DES) (12) and triphenylethanes (13) , including tamoxifen and nafoxidine, have been shown to be ligands of the estrogen receptor. A common substructure of many of these chemicals is a phenolic ring system, with an obvious relationship to the phenolic A ring in estradiol (Fig. 1) . However, it is not clear if in all cases the hydroxyl group has unique properties as a substituent or if any similar-sized (isosteric) group, such as chlorine, could replace it. Such a substructure serves as a unique way to align the molecules for comparing the overall structures of otherwise structurally diverse chemicals. In this way it may be possible to determine their estradiol equivalency (14) in a manner analogous to determining the dioxin equivalency (15) of structurally related chlorinated aromatic hydrocarbons of environmental health concern. We used comparative molecular field analysis (CoMFA) (16) , a three-dimensional quantiative structure-activity relationship (QSAR) paradigm, to examine the unique physicochemical properties of polychlorinated hydroxybiphenyls (Table 1) underlying their estrogen receptor binding affinities and thus their potential estradiol equivalency.
Methods
The SYBYL molecular modeling software package (version 6.0, Tripos Associates, Inc., St. Louis, Missouri) was used to do all molecular modeling. The coordinates for estradiol and DES were retrieved from the Cambridge Structural Database. The remaining molecules were constructed in SYBYL using the sketch option. All molecules were minimized using the standard Tripos force field (17) At =Is.aii (1) where sj = solvent accessible surface area for atom i; av= hydrophobic atom constant for atom i; and Rit = e r (r = distance between atom i and test point t). These values were imported into the QSAR molecular spreadsheet (MSS) and treated as a singlefield (electrostatic) CoMFA-type column.
All statistical analyses were performed using the partial-least-squares (PLS) methodology (20) as employed in the QSAR module of SYBYL 6.0 running on Silicon Graphics Indigo and Onyx workstations. All initial analyses were performed using the leave-one-out (LOO) cross-validation (21) technique and 10 principal components (PCs). The cross-validated r2 (referred to as q2 here) was computed as follows:
where SD is the sum of the squared deviations between the measured and mean binding affinities of the training set molecules, and PRESS is the sum of the squared deviations between the predicted and measured binding affinities for every molecule.
To increase the signal-to-noise ratio in the CoMFA analyses, steric and electrostatic columns with a standard deviation of less than 2.0 kcal/mol ("minimum aY") were not included in the cross-validated analysis. A minimum a of 0.5 kcal/mol was implemented in the analyses using hydropathic fields. The optimal number of components to be used in the subsequent non-cross-validated analysis was determined as that which yielded the highest q2 value and the lowest standard error of cross-validated predictions (SEP) for training set molecules determined during the LOO procedure. For the non-cross-validated analyses, the minimum a was reduced to 0.0 kcal/mol (all columns were included in the analyses). The results of all conventional and threedimensional QSAR analyses are summarized in Table 2 .
Results
Often the biological potency of highly lipophilic molecules such as the phenyl-substituted hydrocarbons is driven by their ability to cross biological membranes in vivo (2Z) and, on a more pragmatic level, their solubility in the assay medium in vitro. In the absence of direct experimental data, the conventional computational manner in which partitioning/solubility is incorporated into QSAR analyses is to estimate the octanol:water partition coefficient using an additive technique (23) (24) (25) . Additive approaches have proven to be inadequate for estimating partition coefficients for positional isomers (26) . To 1.211 with similar non-cross-vali-1.614), yet statistically robust (r2 = 0.979; coefficient (q2 = 0.083 using 1 PC) with a dated results (r = 0.960; s = 0.301). The s = 0.229). The combination of steric and decreased SEP (1.371). The non-cross-valielectrostatic field model was much less prehydropathic fields resulted in a comprodated analysis yielded a correlation coeffi-22 dictive (q = -0.058 using 3 PCs; SEP = mised model displaying a cross-validated cient (r ) of 0.835 (s = 0.582). bNumber of principal components in parentheses.
Three PCB derivatives (8, 9 , and 12) in the training set possess chlorine substituents adjacent to the para-hydroxyl group. The plA of the hydroxyl group in these compounds is calculated by manufacturer (CompuDrug Chemistry Ltd, Budapest) to be lower (6.7, 6.2, and 5.8, respectively) than the pH of the assay medium (7.6). Therefore, it is expected that these compounds would be ionized and behave much differently from the remaining nonionized compounds expressing much higher p)A values (greater than 9 .0 in all cases). A subsequent analysis using only steric fields as regressors and the remaining 11 compounds as observations yielded a much more predictive (q2 = 0.544 using 2 2 PCs) and robust (r = 0.974) model.
To demonstrate the utility of this three-dimensional QSAR model, the estrogen receptor binding affinities of several PCBs (Fig. 2) of environmental concern [3,4,3',4'-tetrachlorobiphenyl (PCB77), 2,5,2 ',5 '-tetrachlorobiphenyl (PCB52), and 2,4,5,2 '4 ,5 '-hexachlorobiphenyl (PCB153)] were predicted using the 11-compound model described above. To our knowledge, these three PCBs have not been screened for the estrogen receptor binding affinity. Our predictions illustrate the importance of conformational restriction about the twist bond. PCB77, the least conformationally restricted of the test set, was predicted to have a binding affinity (predicted pC50) of -2.447. The orthosubstituted (conformationally restricted) and non-para -substituted PCB52 was predicted to be a weaker binder (predicted pC50 = -3.104). The putative biologically active (estrogenic) metabolite of PCB52, 2,2 ',5,5 '-tetrachloro-4-biphenylol, was predicted to be slightly more potent than the parent (pC50 = -3.01 1). The conformationally restricted and para-substituted analog PCB1 53 was predicted to be much more potent than PCB52 with a predicted pC50 value of -2.613.
Discussion
Results from in vivo uterine weight assays indicate that the ortho-substituted PCB52 acts as an estrogenic compound (24. This activity may be manifest through a putative hydroxylated metabolite binding competitively to the estrogen receptor. PCB77, a dioxinlike coplanar biphenyl, was discovered to produce antiestrogenic responses (27) . In this case, the antiestrogenicity may be mediated by induction of estrogen metabolizing enzymes (28), through downregulation of estrogen receptors (29) , or decreased affinity of the ligand:receptor complex for the DNA estrogen response element (30) , rather than competitive inhibition at the estrogen receptor. This nonortho-substituted PCB was modeled in the non-coplanar conformation which possibly accounts for the relatively "active" predicted value. The low-energy barrier to rotation about the twist bond assures the existence of the coplanar conformation of this molecule in vivo. As such, this molecule is a competitive ligand for the Ah (dioxin) receptor, and it is therefore suggested that the predicted estrogen receptor affinity is an overestimate and not truly reflective of actual estrogenic or antiestrogenic potency of the compound.
The low binding affinity prediction for PCB52, the conformationally restricted yet non-para-substituted test set molecule, is presumably due to the lack of a para-substituent. The increase in the predicted affinity value for the para-hydroxylated derivative (2,2,', , 5 '-tetrachloro-4-biphenylol) supports this conclusion. It is important to note that none of the training set molecules possesses a single chlorine substituent adjacent to the hydroxyl moiety of the phenol ring. This may have implications regarding the predictive power of the model with respect to compounds exhibiting this substitution pattern. It has, however, been shown that halogenation of the phenolic (A) ring of estradiol in the corre- sponding positions (2 or 4 substituted) does not diminish, and in certain cases enhances, the estrogen receptor binding ability of the ligand (31) . In summary, the model suggests that biphenyls possessing both ortho-and para-substituents, characteristics of environmentally persistent PCB residues, may be competitive ligands of the estrogen receptor.
The model confirms the use of the phenolic (A) ring alignment in comparing various potential estrogen receptor ligands of environmental origin. This approach could be particularly useful when applied to additional hydroxylated and halogenated metabolites or transformation products of certain phenyl-substituted chemicals of environmental concern (32) . As previously reported (33) and supported here, the phenolic ring moiety is not a necessary requirement for estrogen receptor affinity. Further binding studies, ideally on the nonhydroxylated PCBs predicted in this report, are needed to assess the unique role and contribution of the hydroxyl group. Additionally, work is needed to assess the role and importance of solubility in the assay medium and molecular hydrophobic properties in estrogenic activity of such chemicals, especially in comparing in vitro and in vivo results. In some cases the in vitro binding results may be complicated by desolvation energy differences associated with the hydroxyl group and its hydrogen bonding properties (34) . If the hydroxyl group is shown not to be a unique requirement in such structures, it may be possible to extend this approach to a more structurally diverse range of conformationally restricted phenyl-substituted chemicals, such as the chlorinated diphenylethers.
It is also important to acknowledge that the available training data set is heavily weighted toward unsymmetrical chlorination patterns. The environmental/biological relevance of several of these compounds is questionable (35, 36 (37) .
In conclusion, PCBs and related compounds are ubiquitous environmental contaminants. Traditionally, the most significant toxicological action of members of these classes of compounds has been attributed to their resistance to metabolic degradation and their ability to achieve coplanar conformations. The present study suggests that the non-coplanar PCBs and related compounds should be considered as potential environmental toxicants due to their interaction with hormone receptors. Noncoplanarity, manifest through ortho-substitution, increases the steroidlike (more rigid) structural nature of the PCBs, contributes to the overall hydrophobic bulk structure, and possibly serves to inhibit any competitive coplanar-type binding activity (dioxinlike). The technique described here has been proven to be a useful tool for the prediction of the estrogen receptor binding affinities for a variety of structurally related chemical compounds. Currently underway in our laboratory is the development of a CoMFA model including less structurally related molecules. It is anticipated that models of this type may provide the foundation for the description of the toxicological activity of ostensibly structurally diverse, phenylsubstituted hydrocarbons of environmental concern in terms of estradiol equivalents.
